We recently identified p140Cap as a novel adaptor protein, expressed in epithelial-rich tissues and phosphorylated upon cell matrix adhesion and growth factor treatment. Here, we characterise p140Cap as a novel Src-binding protein, which regulates Src activation via C-terminal Src kinase (Csk). p140Cap silencing increases cell spreading, migration rate and Src kinase activity. Accordingly, increased expression of p140Cap activates Csk, leading to inhibition of Src and downstream signalling as well as of cell motility and invasion. Moreover, cell proliferation and 'in vivo' breast cancer cell growth are strongly impaired by high levels of p140Cap, providing the first evidence that p140Cap is a novel negative regulator of tumour growth.
Introduction
Signalling originated from the integrin family of cell-matrix receptors is central to many physiological and pathological processes such as embryogenesis, inflammatory response, tissue repair and cancer cell progression. Early integrin signalling induces activation of Src family kinases, focal adhesion kinase (FAK) and Rho family GTPases (Damsky and Ilic, 2002; Frame et al, 2002; Miranti and Brugge, 2002; Schwartz and Ginsberg, 2002; Giancotti, 2003; Burridge and Wennerberg, 2004; Cabodi and Defilippi, 2006) . Upon integrin-mediated adhesion, Src kinase regulates cell growth, spreading and migration through increased phosphorylation of FAK as well as other key adaptor molecules, like p130Cas (Mitra et al, 2005; Defilippi et al, 2006) . As a result of the phosphorylation (Goldberg et al, 2003; Shin et al, 2004) , p130Cas recruits other proteins such as Crk and DOCK180 that regulate Rac activation, which is crucial for actin cytoskeleton organisation and cell motility (Chodniewicz and Klemke, 2004) . Cells derived from mice deficient in the three members of the Src family (Src/Yes/Fyn), FAK or p130Cas consistently exhibit impaired cell spreading and migration (Ilic et al, 1995 (Ilic et al, , 1998 Klinghoffer et al, 1999) . On the other hand, in transformed cells, increased Src activity induces reorganisation of epithelial adhesion systems and the actin cytoskeleton, leading to cell scattering and epithelial-mesenchymal transition (Boyer et al, 1997; Avizienyte et al, 2002) .
We recently identified p140Cap as a novel adaptor protein indirectly associated to p130Cas (Di . p140Cap co-distributes with cortical actin and actin stress fibres, but not with focal adhesions. Interestingly, expression of p140Cap in NIH3T3 and in ECV304 cells delays the onset of cell spreading in the early phases of cell adhesion to fibronectin (FN). Moreover, this protein is tyrosine phosphorylated upon integrin-dependent adhesion or EGF treatment, indicating a potential role as a downstream effector of cellmatrix and growth factor signalling (Di . p140Cap is expressed in the mammary gland and in breast cancer cells such as MCF7, T47D, MDA-MB-231 and MDA-MB-435. By loss-and gain-of-function approaches, we show here that p140Cap affects breast cancer cell motility, invasion and 'in vivo' tumour growth and is a novel Src-interacting protein that acts as a negative regulator of Src via activation of Csk.
Results

p140Cap downregulation by shRNA enhances cell migration and integrin-dependent Src kinase activity
Our previous data showed that p140Cap expression affects cell spreading in epithelial cells . In this work, p140Cap expression was silenced in MCF7 cells by infection with pSuper Retro-p140-2 (p140-2) recombinant retroviruses or by transient transfection with siRNA oligos (siRNA2). Empty pSuper Retro, expressing GFP (Ctr) and scrambled siRNA oligos (siRNA1), were used as negative controls. Stably p140-2 expressing MCF7 cells and MCF7 cells transiently transfected with siRNA oligos showed a 70-85% reduction of p140Cap expression ( Figure 1A ). These cells were allowed to migrate towards 25 U/ml HGF chemoattractant stimulus. The mean of three experiments ( Figure 1B) showed that MCF7 p140-2 cells migrated twofold more relative to Ctr cells, indicating that downregulation of p140Cap expression enhances HGF-stimulated cell migration. Transiently transfected siRNA oligos yielded similar results, confirming that the observed effects were not due to retroviral infection. In addition, MCF7 p140-2 cells transiently transfected with mouse p140Cap full-length complementary DNA to recover protein expression (p140-2/R) ( Figure 1A ), consistently migrated at a level comparable to control cells.
MCF7 Ctr, p140-2 and p140-2/R cells were allowed to adhere and spread on FN and poly-L-Lysine (PL) as negative control, for different times. Morphometric analysis showed that within 1 h of FN adhesion, MCF7 p140-2 cells, but not MCF7 Ctr and p140-2/R, had an increased area with extensions of large membrane protrusions ( Figure 1C , upper panels), thus indicating that downregulation of p140Cap accelerates cell spreading in the early phases of cell adhesion. At 4 h, the difference in the extent of spreading was less evident; however, on FN, whereas Ctr cells showed a typical epithelial polygonal morphology, p140-2 cells presented a more elongated fibroblastoid phenotype ( Figure 1C , lower panels). This phenotype was not observed in cells plated on PL ( Figure 1C ). Cell shape was calculated by the mean ratio between cell length and width on at least 200 cells and the variation was statistically significant. (A) p140Cap expression was evaluated by Western blotting on SDS-PAGE in extracts of MCF7 p140-2, MCF7 Ctr, MCF7 cells transiently transfected with control (À), scrambled (siRNA1) or human p140Cap (siRNA2) siRNAs and in MCF7 p140-2/R, transiently transfected with murine pcDNA3.1 Myc-p140Cap to reconstitute p140Cap expression. The same blot was re-probed with antibodies to Src kinase. (B) Cells as in (A) were tested for migration in Transwell assays. Cells were seeded on the upper surface, left to migrate for 9 h in the presence or the absence of HGF (25 U/ml), then fixed, stained and counted. Numbers on the y-axes represent the rate of migration as the ratio between the number of cells migrated in response to the presence and the absence of HGF. (C) MCF7 Ctr, p140-2 and p140-2/R cells were plated on FN and on PL for the indicated times, fixed and stained with phalloidin (Phd). Left upper panel, the histogram represents the mean cell area for each time point in arbitrary units. The area of attached cells was calculated by Metamorph Software in 20 random fields (200 cells) at a magnification of Â 60. Left lower panel, the histogram represents the mean ratio between cell length and width as a measure of cell shape at 4 h of adhesion on at least 200 cells. Right panels, representative fields at 30 min (upper) and 4 h (lower) of adhesion are shown at Â 60 magnification. The results are representative of six independent experiments (*Po0.05). In the early phases of cell-matrix adhesion, cell spreading and migration might depend on Src kinase activation (Yeatman, 2004) and on Rac GTPase (Burridge and Wennerberg, 2004) . Indeed, Src kinase activity analysed in MCF7 Ctr cells plated on FN for different times is upregulated within 30 min of adhesion to FN. Interestingly, in p140-2 cells, Src activity follows the same kinetics but is upregulated by four-to sixfold at the examined times ( Figure 2A , left and middle panels), thus indicating that downregulation of p140Cap leads to enhanced integrin-dependent Src activation. For what concern Rac GTPase, its activity peaked within 30-60 min of adhesion on FN in Ctr cells and was downregulated at 90 min ( Figure 2B , left and middle panels). Interestingly, in p140-2 cells, Rac activity was increased at 60 min and persisted over 90 min of adhesion, thus indicating that p140Cap downregulation induces sustained Rac activation. Both Src and Rac activities were decreased at the control levels in p140-2/R cells ( Figure 2A and B, right panels). Therefore, silencing of p140Cap expression enhances the ability of breast cancer cells to respond to the extracellular matrix in terms of cell spreading, increased motility, Src and Rac activation.
p140Cap overexpression affects cell spreading, migration and invasion of tumour cells
For gain-of-function experiments, two independent populations of stable overexpressing cells (MCF7-p140/P9 and MCF7-p140/ P23) were generated by transfecting pcDNA3.1-Myc-p140Cap full-length cDNA (Di into MCF7 cells (see Supplementary Figure S1 for level of expression and localisation of the endogenous and exogenous p140Cap).
MCF7-p140/P9, p140/P23 and the control Mock cells, transfected with the empty pcDNA3.1 vector, were allowed to adhere and spread on FN for different times in the absence of serum. The same number of MCF7-p140/P9, p140/P23 and Mock cells adhered to FN and beta1 integrin activation was not affected (Supplementary Figure S2 and data not shown). Morphometric analysis indicated that within 2 h of adhesion, MCF7-p140/P9 and p140/P23 cells exhibited a round morphology and a reduced area ( Figure 3A , left panel), compared to Mock cells. Consistent with the RNA interference (RNAi) data, spreading was recovered at 4 h, suggesting that p140Cap interferes only with the early phases of cell spreading. When cells were plated on FN in the presence of serum, whereas the majority of the Mock cells spread on FN within 20 h, MCF7-p140/P9 and p140/P23 cells remained round although completely viable ( Figure 3A , right panel, and Supplementary Figures S1C and S2B ). The lack of spreading was also associated with the absence of membrane cell protrusions (Figure 3Bd-f) . These results indicate that high levels of p140Cap causes a stronger inhibition of cell spreading in the presence of serum, implying that p140Cap is an effector of multiple and additive pathways.
Transwell migration assays showed that, upon HGF stimulus, cells overexpressing p140Cap migrated four times less than MCF7-Mock cells ( Figure 3C , upper panels), suggesting that these cells were strongly defective in migration. 'In vitro' invasion assays into Matrigel-coated Transwell showed that within 48 h of invasion, whereas Mock cells invaded the Matrigel properly in response to the stimulus, MCF7-p140/ P9 and p140/P23 cells were significantly impaired in their ability to invade ( Figure 3C , lower panel). Hence, p140Cap overexpression affects the ability of cells to move towards a chemoattractant stimulus and to invade extracellular matrix.
p140Cap overexpression compromises integrindependent Src activation and downstream signalling As shown in Figure 4A (left panel), whereas in MCF7-Mock cells Src activity was upregulated within 30 min of adhesion to FN, Src activity was not induced in p140/P9 cells. Src kinase activity was also evaluated by phosphospecific antibodies against the critical tyrosine residue 416 in the Src kinase domain. Upon FN adhesion, tyrosine 416 was phosphorylated only in Mock cells, but not in p140Cap-overexpressing cells ( Figure 4A , right panel). Taken together, these results demonstrate that high levels of p140Cap result in inhibition of integrin-dependent Src activation.
Upon integrin-mediated adhesion, Src phosphorylates downstream effectors such as FAK and p130Cas (Miranti and Brugge, 2002) . To investigate whether p140Cap overexpression affects this signalling, both MCF7-Mock and p140/P9 cells were analysed for phosphorylation of FAK. As depicted in Figure 4B (left panel), p140Cap overexpression did not affect integrin-dependent autophosphorylation on FAK tyrosine 397. In contrast, tyrosine 925, a residue shown to be a specific substrate of Src kinase (Brunton et al, 2005; Mitra et al, 2005) , was not phosphorylated in p140/P9 cells ( Figure 4B, right panel) . Moreover, the binding between FAK and Src is decreased in p140/P9 cells compared Figure 4C ). These results suggest that high levels of p140Cap do not modify integrin-dependent FAK autophosphorylation but rather, alter its ability to associate with Src, thereby affecting Src-dependent phosphorylation on specific residues. Moreover, integrin-dependent phosphorylation of p130Cas ( Figure 4D ), as well as its association with Crk (data not shown), were decreased in cells overexpressing p140Cap.
As a consequence of decreased Src/FAK/p130Cas signalling Rac activity could also be affected. Active Rac was not present in p140Cap-overexpressing cells upon adhesion to FN ( Figure 4E ), indicating that p140Cap overexpression inhibits integrin-dependent Rac activation. In contrast, as shown in Figure 4F , Akt was equally phosphorylated on Ser 473 in MCF7 Mock and p140/P9-overexpressing cells plated on FN, thus suggesting that Src/FAK/p130Cas pathway is a specific target of p140Cap.
p140Cap directly associates with Src kinase p140Cap has been identified for its ability to indirectly associate with the adaptor protein p130Cas . As Src kinase is one of the major p130Cas-interacting molecules , we evaluated whether Src might also associate with p140Cap. Src and p140Cap reciprocally co-immunoprecipitated in MCF7 cells ( Figure 5A ), indicating that the two molecules are associated in a complex. p140Cap presents two proline-rich regions, potentially involved in binding to SH3 domains, as well as phosphorylated tyrosine residues ( Figure 5B ), which can associate with SH2 domains ( Figure 5C , upper panel). GST-Src/SH3 or SH2 domains were used to affinity purify endogenous p140Cap from MCF7 cell extracts. As shown in Figure 5C (lower panel), only the GST-Src/SH3 fusion protein pulled down p140Cap, whereas the GST-Src/SH2 recombinant protein was ineffective. Recombinant GST-Cap3 and -5 fusion proteins (Di , which contain the first and the second proline-rich regions, respectively, and GST and GST-Cap4 fusion proteins serving as negative controls ( Figure 5D , left panel), were incubated with the MBPSrc/SH3 fusion protein in an 'in vitro' binding assay. Only the GST-Cap5 protein was able to bind to the MBP-Src/SH3 domain ( Figure 5D , right panel), indicating that p140Cap and Src directly interact through the binding of the Src SH3 domain with the most carboxy-terminal proline-rich region of p140Cap.
p140Cap-dependent Src kinase inhibition is mediated by Csk activation
Csk is a potent negative regulator of Src, due to its ability to phosphorylate the negative regulatory tyrosine 527 on the carboxy-terminal domain of Src (Latour and Veillette, 2001 ). Densitometric analysis revealed that upon adhesion to FN, phosphorylation of Src tyrosine 527 was increased by 2.5-fold in MCF7-p140/P9 cells in comparison to Mock cells ( Figure 6A ), suggesting a potential role for p140Cap in regulation of Csk activity.
'In vitro' kinase assays showed a twofold increase in polyGlu-Tyr phosphorylation in MCF7-p140/P9 cells relative to control cells ( Figure 6B ), demonstrating that p140Cap overexpression upregulates Csk activity. Infection with adenoviruses expressing a kinase-defective Csk mutant (Csk-KD) induced a strong activation of Src in MCF7-p140/P9 cells ( Figure 6C ), indicating that the presence of the kinase-defective Csk counteracts the ability of p140Cap to inhibit Src activity. These data were further supported by the analysis of Src activity in MCF7-Mock and MCF7-p140/P9 cells transiently transfected with Csk siRNA. As depicted in Supplementary Figure S3 , silencing of Csk protein led to increased Src phosphorylation in cells overexpressing p140Cap. Taken together, these data show that p140Cap ) were immunoprecipitated with anti phosphotyrosine antibodies (P-Tyr) followed by Western blot analysis with p130Cas mAbs. p130Cas was evaluated in cell extracts. (E) Cell extracts as in (A) were analysed for activated Rac as described in Figure 2B . (F) Cell extracts as in (A) were analysed for Akt phosphorylation using phosphospecific antibodies for the Akt Serine 473 Ser(473). The total amount of Akt was quantified using antibodies. The results are representative of three independent experiments. The histograms show the ratio between active or phosphorylated and total protein levels in arbitrary units (*Po0.05).
negatively regulates Src kinase through the activation of Csk kinase. Reciprocal immunoprecipitation of p140Cap and Csk from MCF7-Mock cells showed that the two molecules co-immunoprecipitated ( Figure 6D ), revealing the association of Csk and Src with p140Cap in a macromolecular complex, which could favour the regulation of kinase activities. To investigate the direct interaction between p140Cap and Csk, we performed Far-Western analysis on p140Cap and GAPDH (negative control) immunoprecipitates using recombinant Csk produced by in vitro transcription/translation as probe. As shown in Figure 6E , the Csk antibody detected a band at 140 kDa only in the p140Cap and not in the GAPDH immunoprecipitates, indicating that the Csk protein binds to p140Cap on the filter. Therefore, this experiment demonstrates that the p140Cap and Csk directly interact.
The carboxy-terminal proline-rich region of p140Cap is required for inhibition of c-Src kinase, cell spreading, motility and invasion To assess the role of the carboxy-terminal proline-rich region PPPPPRR in cell signalling, MCF7 cells were transfected with cDNAs expressing either a large Myc-tagged truncated form of p140Cap (MCF7-p140Delta) or a small deleted mutant (MCF7-p140Pro) lacking amino acids 1000-1048, which include specifically the PPPPPRR sequence ( Figure 7A ). Co-immunoprecipitation experiments indicated that these mutants failed to bind to Src ( Figure 7B ), confirming the relevance of the proline-rich sequence in Src binding. By immunofluorescence experiments with anti-Myc antibodies, p140Delta protein was found to localise as the endogenous one with cortical actin (see Supplementary Figure S1C ). Morphometric analysis showed that MCF7-p140Delta and p140Pro plated on FN, covered a cell area similar to Mock cells ( Figure 7C) . Moreover, as shown in Figure 7D , cells expressing the mutated forms of p140Cap migrated and invaded at the same rate as Mock cells.
Following FN adhesion, Src activity in the p140Delta was found comparable to that observed in the Mock-transfected cells ( Figure 7E ). Similarly, in mutant cells, the level of integrin-mediated active Rac was unaffected ( Figure 7F ). In addition, MCF7 p140-2 cells transiently transfected with mouse p140Delta cDNA show a comparable rate of Rac activation, migration and adhesion as MCF7 p140-2 cells (see Supplementary Figure S4 ), indicating that this mutant does not modifiy the phenotype of p140Cap-silenced cells.
Therefore, these data show that the carboxy-terminal domain of p140Cap, containing the Src-binding site, is essential for downregulation of downstream signalling and of cell motility and invasion. p140Cap overexpression inhibits tumorigenic properties of cancer cells Different breast cancer cell lines (MCF7, T47D, MDA-MB-231 and MDA-MB-435), on the basis of their phenotype and invasiveness, distribute at the opposite boundaries of a spectrum of differentiation from epithelial to mesenchymal phenotype (Lacroix and Leclercq, 2004) . Indeed, MCF7 and T47D, which express markers typical of the luminal epithelial phenotype of breast cells, are weakly migratory and invasive, whereas MDA-MB-231 or 435 have a 'basal-like' phenotype and are highly invasive 'in vitro' and 'in vivo'. p140Cap is expressed as a single faint band in MDA-MB-231 and MDA-MB-435 cell lines, whereas is highly expressed in MCF7 and T47D cells ( Figure 8A, upper panel) , suggesting a correlation between expression of p140Cap and cell morphological and invasive properties. Interestingly, both MCF7 and MDA-MB-231 are inhibited in cell growth by the use of the specific Src inhibitor SU6656 (Supplementary Figure S5) , indicating Immunocomplexes were analysed by Western blotting using antibodies to Src, Csk and p140Cap, respectively. The results are representative of four independent experiments. (E) Cell extracts from HEK293 transfected with p140Cap were immunoprecipitated with mAbs to p140Cap and GAPDH. Upper panel, Western blot was probed with recombinant Csk produced by in vitro transcription/translation followed by anti-Csk antibodies. Middle and lower panels, the blots were re-probed with anti-p140Cap and GAPDH antibodies. L, lysates; MW, molecular weight.
that Src kinase activity is required for their proliferation. Consistently, MDA-MB-231 p140/P12 and p140/P16 cell populations overexpressing pcDNA3.1-Myc-p140Cap full-length cDNA ( Figure 8A , lower panel) were strongly inhibited in migration and invasion compared to Mock cells ( Figure 8B ). This shows that p140Cap overexpression compromises migratory properties in a highly invasive breast cancer cell line such as MDA-MB-231.
In SCID mice, subcutaneous injection of MDA-MB-231 Mock and MDA-MB-231 p140Delta cells, overexpressing the p140CapDelta mutant (data not shown), gave rise to tumours of 1.4 cm mean diameter within forty days after challenge, whereas injection with MDA-MB-231 p140/P16 cells did not cause tumour growth (Figure 8C ), indicating that cells expressing high levels of p140Cap protein do not grow 'in vivo'. Consistent with a role of p140Cap overexpression in cell proliferation, both MDA-MB-231 and MCF7 cells overexpressing p140Cap were strongly defective in proliferation compared to Mock and p140Delta cells ( Figure 8D and E). The defective growth was not due to an increased apoptosis rate (Supplementary Figure S6) . Indeed, p140Cap-overexpressing cells were defective in cyclin D1 induction as well as in upregulation of Src activity in response to serum ( Figure 8F ). Taken together, these data show that p140Cap overexpression strongly inhibits cell growth.
Finally, MCF7 Mock, Ctr and p140Delta grew in anchorageindependent soft agar assays forming a mean of 84 colonies. In contrast, cells overexpressing p140Cap were strongly Figure 1C . (D) Left panel, the same cells as in (C) were induced to migrate and to invade as described in Figure 3C . (E) Extracts of MCF7-Mock and p140Delta cells plated on FN for 30 min or kept in suspension (S) were tested for in vitro Src kinase assay as shown in Figure 2A (left panel) or for Rac activation as shown in Figure 2B . The results are representative of three independent experiments (*Po0.05). (Table I) . p140Cap downregulation by shRNA consistently resulted in an increased number of colonies, with a mean value of 122 (Table I ). In conclusion, these data show that p140Cap expression regulates breast cancer cell tumorigenic properties.
Discussion
In this work, we identify p140Cap as an adaptor protein that affects integrin-dependent signalling and suppresses tumorigenic properties of breast cancer cells. Silencing p140Cap by RNAi increases Src kinase activity, leading to enhanced cell migration and anchorage-independent growth. Accordingly, elevated expression of p140Cap activates Csk and leads to inhibition of Src kinase activity, resulting in decreased cell spreading, motility and invasion. Moreover, high levels of p140Cap inhibit cell proliferation and 'in vivo' tumour growth. p140Cap binds to Src kinase and regulates its activity through Csk kinase p140Cap was originally characterised as a protein that indirectly associates to p130Cas, a major Src-binding protein through its carboxy-terminal domain (Di . The putative direct binding molecule, however, remained elusive. The carboxy-terminal domain of p140Cap contains a proline-rich sequence (PPPPPRR). This sequence is a perfect match with the class II PxxPx þ consensus motif known to bind to the Src SH3 domain (Kay et al, 2000) , suggesting that Src might bind directly to p140Cap. Our data generated from the 'in vitro' binding assay show 12275.9* MCF7-Mock, MCF7-p140/P9, MCF7-p140Delta, MCF7 Ctr and MCF7 p140-2 cells were evaluated in soft agar assay for anchorage-independent notes. A total of 5 Â10 4 cells were plated in sixwell dishes coated with agar as described in Material and Methods. After 30 days, colonies visible by the eye were counted in each well.
The mean values were calculated in four independent experiments (*Po0.05).
p140Cap regulation of tumour cell properties P Di Stefano et al that this region is able to directly interact with the Src SH3 domain. Moreover, two deletion mutants of p140Cap lacking the interacting region loss the ability to immunoprecipitate Src, thus confirming that p140Cap directly associates with Src through this sequence. Our data show that Src kinase activity is dramatically regulated by the levels of expression of p140Cap. In fact, RNAi experiments demonstrate that silencing p140Cap expression is sufficient to upregulate Src kinase activity fivefold over the level of control cells. On the contrary, p140Cap overexpression inhibits Src activation. Moreover, mutant forms of p140Cap lacking the proline-rich domain carboxy-terminal, which includes the Src-interacting region, do not deter Src activity, indicating that Src/p140Cap interaction is required for inhibition of Src kinase. It has been well established that Src kinase activity is negatively controlled by endogenous regulators such as the Csk. This regulator acts by phosphorylating the inhibitory tyrosine 527 in the Src carboxy-terminal domain, thereby allowing the binding of the Src SH2 domain and the acquirement of a close, inactive conformation (Koegl et al, 1995; Yamaguchi and Hendrickson, 1996; Gonfloni et al, 2000) . Our data show that high levels of p140Cap overexpression induces higher Csk activity, and increases phosphorylation of Src tyrosine 527, leading to the downregulation of Src activity. It is interesting to note that phosphorylation of Src tyrosine 527 is absent in suspended cells where Src is not active. These data are supported by a recent report by Zhang et al (2004) , who shows a similar level of tyrosine 527 phosphorylation upon integrin activation in suspended cells, implying that in this condition even if the inhibitory tyrosine 527 is not phosphorylated and does not block the SH2 domain in a close configuration, an increased activity of tyrosine PTPases on tyrosine 416 might maintain Src inactive.
A Csk kinase-deficient mutant and Csk silencing by siRNA consistently rescue Src kinase activity in p140Cap-overexpressing cells, demonstrating a crucial role of Csk in p140Cap regulation of Src activity. Moreover, by Far Western analysis, our data show that p140Cap associate directly to Csk in a macromolecular complex, thus indicating that p140Cap behaves as a novel binding partner in the cell machinery recruiting Csk and Src and regulating their activity in breast cancer cells.
p140Cap expression regulates cell signalling, migration and invasion in a Src-dependent manner
In the recent years, many proteins have been reported to cooperate with Src in driving downstream signalling either upon cell matrix adhesion or growth factor stimulation (reviewed by Miranti and Brugge, 2002; Parsons, 2003) . Src has been reported to bind to the autocatalytic tyrosine 397 of FAK and to phosphorylate regulatory loop tyrosines in the FAK kinase domain, further promoting its catalytic activity. The FAK tyrosine 925 residue has been reported to be a specific Src kinase-dependent site (Brunton et al, 2005) . According to the inhibition of integrin-dependent Src kinase activity, p140Cap overexpression does not modify phosphorylation of tyrosine 397, which is mediated by FAK activity, but rather inhibits Src-dependent phosphorylation of tyrosine 925. Moreover, p140Cap overexpression affects the ability of FAK to associate with Src, likely because inactive Src does not expose free SH2 domains able to interact with phosphorylated tyrosines on FAK.
p140Cap-elevated expression also impairs integrin-dependent p130Cas phosphorylation. It is well established that Srcdependent p130Cas phosphorylation leads to the assembly of an Src-p130Cas-Crk signalling complex (Bouton et al, 2001; Defilippi et al, 2006) required for cell migration and invasion through activation of the small GTPase Rac (EtienneManneville and Hall, 2002; Burridge and Wennerberg, 2004; Jaffe and Hall, 2005) . Consistent with these findings, elevated levels of p140Cap severely impair integrin-dependent Rac GTPase activity (Price et al, 1998) , whereas knockdown of p140Cap expression by RNAi induces a sustained Rac activation. As expected for the major role of Rac in actin cytoskeleton dynamics and cell migration, high levels of p140Cap impair spreading on cell matrix and extension of lamellipodia and filopodia, as well as cell migration and invasion. These data are further supported by the RNAi experiments, which decrease the level of p140Cap in MCF7 cells, thereby triggering an increase in cell spreading in the early phases of cell adhesion, and inducing a fibroblastic-like shape and increased motility. In addition, our unpublished data show that silencing of p140Cap increases cell spreading and migration also in normal breast cells such as MCF10 cells, suggesting a more general role for p140Cap in regulation of cell motility (Di Stefano and Defilippi, unpublished data) .
MCF7 cells express both beta1 and beta4 integrins (data not shown), that in these cells have been implicated in tumour progression and invasion (Wang et al, 2002; Bon et al, 2006) . The data presented here indicate that the beta1 signalling induced by plating cells on FN is strongly regulated by levels of p140Cap. Moreover, beta4 integrin-dependent activation of Erk1/2 MAPK is also regulated by p140Cap expression (Supplementary Figure S7) , indicating that p140Cap plays a regulatory role both on beta1 and beta4 early signalling. Interestingly, p140Cap does not affect Akt activation both in response to beta1 and beta4 integrins confirming the existence of specific signalling target regulated by p140Cap.
As discussed below, the Src-interacting region in the carboxy-terminal domain of p140Cap is required for inhibition of Src. Cells expressing a truncated form of p140Cap are also capable of triggering integrin-dependent Rac activation, and do not modify their migration and invasion properties. In addition to the Src/p130Cas/Crk pathway, the observation that the activation of Rac is related to that of Src is also supported by recent data showing that Rac GEFs, such as TIAM1 and Vav2, are downstream effectors of Src in epithelial and mesenchymal cells (Servitja et al, 2003) .
Taken together, these results indicate that p140Cap is a new upstream regulator of integrin-dependent Src/FAK/ p130Cas/Rac signalling in the control of cell motility and invasion ( Figure 9 ).
Elevated expression of p140Cap inhibits 'in vitro'
and 'in vivo' cell growth of tumour cells Our data also show that elevated expression of p140Cap in both MCF7 and MDA-MB-231 cells inhibits cell growth, indicating that in addition to regulating migratory and invasive phenotypes, p140Cap also profoundly affects cell proliferation. The defect in proliferation is evident in the 'in vivo' model of tumour formation in SCID mice. Mice injected with MDA-MB-231 cells expressing high levels of p140Cap do not develop tumours within 40 days, whereas mice injected with control cells present visible tumours. Accordingly, overexpressing p140Cap shows a reduced growth rate comparable to one third that of control cells, but do not show obvious signs of cell death by TUNEL assays. Cells overexpressing p140Cap do not form colonies in soft agar, whereas cells in which p140Cap has been downregulated form a significantly increased number of colonies. It is also remarkable that the two cell lines MCF7 and MDA-MB-231, which are characterised by distinct tumorigenic properties (Lacroix and Leclercq, 2004) , differ in their level of endogenous p140Cap, which is lower in MDA-MB-231 cells compared to MCF7 cells, suggesting a correlation between low p140Cap expression and increased aggressiveness. Indeed, high levels of p140Cap in MDA-MB-231 cells is sufficient to revert their proliferative and invasive phenotype, 'in vitro' and 'in vivo'.
The mechanisms by which p140Cap overexpression blocks cell proliferation might rely on its ability to activate Csk and to inhibit Src kinase. The defect in anchorage-dependent and -independent cell proliferation is recovered in cells expressing a p140Cap mutant lacking the Src-interacting region, implying that the absence of the Src-binding site might be a contributing factor to the defective growth. Indeed, cells overexpressing p140Cap lose the ability to activate Src upon serum stimulation, thus showing that p140Cap might control Src activity not only in response to integrin-mediated adhesion, but also in response to mitogens and growth factors.
Recent data show that Src activation may promote growth during the process of tumorigenesis (Frame, 2002; Yeatman, 2004) . In particular, catalytically inactive Src kinase partially inhibits breast cancer cell tumour formation in nude mice, indicating that Src activity is required for this process (Ishizawar et al, 2004; Parsons and Parsons, 2004) . Moreover, our data show that the Src kinase inhibitor SU6656 affects both MCF7 and MDA-MB-231 cell growth. Therefore, we believe that our data provide significant insight into a possible role for a p140Cap/Src complex in breast cancer cells.
Taken together, these results indicate that regulation of p140Cap expression represents a novel way to activate Csk and interfere with integrin and growth factor-dependent Src kinase activity and downstream signalling, thereby affecting the tumorigenic properties of cancer cells. Overexpression of the p140Cap adaptor might thus constitute a potential tool to revert cancer cells to a more differentiated, less invasive phenotype.
Materials and methods
Reagents and antibodies
See Supplementary Materials and methods.
Cell lines, immunofluorescence, immunoprecipitation and Western blotting
Human breast carcinoma MDA-MB-231, MDA-MB-435, MCF7 and T47D cells, obtained from ATTC, were cultured in RPMI 1640 supplemented with 10% FCS and penicillin/streptomycin.
Immunofluorescence was performed as described by Di Stefano et al (2004) . Cell images were visualised on a IX70 Olympus microscope and analysed with Metamorph software (Universal Imaging Corporation). For protein analysis, cells were extracted, immunoprecipitated and processed as described by Di .
For far-Western analysis, membranes were blocked for 1 h in TBS, 0.1% Tween-20, 5% BSA and incubated for 3 h with 1 mg/ml of Csk protein. Filters were first decorated with anti-Csk antibody and subsequently with anti-p140Cap and anti-GAPDH antibodies. Csk was produced in vitro using TNT Quick Coupled Transcription/ Translation Systems kit (Promega) according to the manufacturer's instructions.
RNA interference
Nonsilencing fluorescence-labelled control, scrambled and human p140Cap-specific siRNAs (AAGCTGTGTCTGTTGAGGCTG) (Xeragon, Figure 9 Schematic summary of the signalling pathways affected by p140Cap. Upon cell matrix adhesion or mitogen stimulus, Src is activated and recruits additional transducing molecules such as FAK and p130Cas, leading to cell migration and invasion and regulation of cell growth and transformation. p140Cap participates to these processes by activating Csk, inhibiting Src activity and downstream signalling, thus leading to impaired cell spreading, motility, invasion and growth. Exponentially growing MCF7 cells (1 Â10 5 /ml) were infected with viruses, in the presence of 8 mg/ml polybrene (Sigma) and selected with 1 mg/ml puromycin.
DNA constructs, transfection and analysis of stable overexpressing clones
Myc-tagged p140CapDelta mutant was prepared by cloning the first 2448 bp of full-length cDNA into pcDNA3-Myc plasmid. Myc-tagged p140CapPro was prepared by digestion and ligation of full-length cDNA with StyI, deleting bp 3022-3152. Full-length (Di and mutant cDNAs were transfected in MCF7 and MDA-MB-231, respectively, using Lipofectamine 2000 (Invitrogen). For stable selection 800 m/ml of G418 (Gibco) was used. Transiently transfection in HEK293 cells was performed by conventional calcium phosphate precipitation.
Starved MCF7-Mock and p140/P9 cells were infected with recombinant adenoviruses expressing Csk kinase-defective mutant (CskKD) (gift of David Schlaepfer) at a multiplicity of infection of 100 and further incubated for 48 h in complete medium.
Pull-down experiments
pGEX-Src/SH2 and pGEX-Src/SH3 constructs were a kind gift of Dr Sarah Courtneidge (Grand Rapids, MI). Src/SH3 and Src/SH2 fragments were amplified by PCR and cloned into the EcoRI-HindIII restriction sites of the pMALc2 vector to produce MBP fusion proteins. pGEX cDNA fragments coding for distinct p140Cap regions are described elsewhere (Di . Recombinant GST and MBP fusion proteins were produced in Escherichia coli and used in pull-down assays as described previously . In vitro binding assays were performed by incubating 2 mg of MBPSrc/SH2 or MBP-Src/SH3 with 2 mg of each purified GST-fusion protein in GST-fish buffer. The complexes were pulled down with Glutathione-Sepharose beads for 30 min to 41C, eluted in Laemli buffer, run on 8% SDS-PAGE and immunoblotted with anti-MBP antibodies.
Rho GTPases, Src and Csk in vitro activity assay Cells were washed twice on ice with 1 mM Na 3 VO 4 in PBS and then lysed in RIPA buffer (50 mM Tris (pH7.5), 150 mM NaCl, 1% Triton X-100, 1% Na Deoxycolate, 0.1% SDS). For Rac pull-down, glutathione-coupled Sepharose 4B beads bound to recombinant GST-PAK CRIB domain fusion proteins were incubated with cell extracts at 41C for 30 min, eluted in Laemmli buffer and analysed for the presence of Rac1 by Western blot.
The c-Src kinase assays were performed as described by (Cabodi et al (2000 (for detailed description see Supplementary data).
The Csk kinase assay was performed as described for Src kinase assay, immunoprecipitating 200 or 400 mg cell extracts and adding in the reaction 10 mg of Poly Glu-Tyr substrate. Kinase activity was detected by autoradiography and calculated by densitometry analysis using Quantity One software (BIO RAD).
Cell adhesion, spreading, migration and invasion assay
Cell adhesion assays were performed as described previously (Moro et al, 2002) . For cell spreading, cells were fixed and stained with Diff-Quik kit (Dade Behering).
For migration assays, Transwell chambers were coated with 10 mg/ml FN. A total of 5 Â10 4 cells were seeded on the upper side of the filters and incubated in 0.1% BSA RPMI in the presence of 25 U/ml HGF (Sigma) in the bottom wells of the chambers. Cells migrating to the lower side were fixed and stained with Diff-Quick kit. For invasion assays, the upper sides of the filters were coated with 100 ml of Matrigel matrix basement diluted 1:3 in RPMI. Cells were left to invade for 24 h for MDA-MB-231 and 48 h for MCF7 and stained as described above. Cells were counted as described above, and analysed with a Â 20 and Â 40 objective using Metamorph software.
Cell proliferation and soft agar assay A total of 10 5 cells were seeded on 6 cm tissue culture dishes and left to proliferate for 12 days in the presence of medium supplemented with 10% FCS. Every 2 days, cells were detached and manually counted in Burker chambers on triplicate dishes. For the clonogenic assay, 5 Â10 5 cells were seeded in 0.35% agar on the top of a base layer containing 0.7% agar into six-well plates. After 5 weeks, colonies were counted under a phase-contrast microscope. All of the experiments were performed in triplicate.
In vivo tumour growth
Five-week-old female SCID mice (C.B-17TM/IcrCrl-scidBR) were purchased from Charles River Laboratories (Calco, Italy) and treated in accordance with the European Community guidelines.
The mice were challenged subcutaneously in the left inguinal region with 10 7 MD-MB-231 Mock, p140/P16 and p140Delta cells suspended in 200 ml of RPMI and 150 ml Matrigel. The incidence and growth of tumours were evaluated twice weekly by measuring with calipers for 40 days the two perpendicular diameters.
Statistical analysis
The results are representative of at least three independent experiments performed in triplicate and are expressed as the means7s.e.m. Statistical analysis of the data was performed using a Student's t-test.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
